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Abstract
Recent results from depth dependent (C)DB measurements on thin metallic ﬁlms using the high intense monoener-
getic positron beam NEPOMUC are presented. Vapor-deposited ﬁlms of gold and copper were characterized by depth
dependent DB-spectroscopy. The positron diﬀusion length in thin ﬁlms was determined by the Doppler broadening
of the annihilation radiation and additionally the formation of positronium (Ps) at the surface. Furthermore, the depth
dependent DB- and CDB-measurements were compared. During high temperature measurements, the annealing of a
thin gold ﬁlm was observed.
c© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Organizing Com-
mittee of the International Workshop PSD-11
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1. Introduction
By use of a monoenergetic positron beam, the implantation of positrons can be shifted from the surface into
the bulk region. The diﬀerent annihilation characteristics in the bulk and at the surface allow to observe the back
diﬀusion of positrons and to determine the positron diﬀusion length L+. The investigation of this parameter allows the
characterization of specimens with such a high defect concentration where saturation trapping occurs, i. e. all positrons
are trapped in defects prior to their annihilation. Furthermore, thin ﬁlm systems, where in spite of the monoenergetic
implantation not all incident positrons annihilate in the same layer due to their broad annihilation proﬁle, can be
examined. In case of metals and semiconductors, the back diﬀusion of the positrons to the surface can be additionally
studied by the detection of the ortho-Ps (o-Ps) annihilation, which only occurs for free Ps at the surface [1].
The characterization of thin ﬁlms by depth dependent DB-spectroscopy is not straightforward due to the broad
implantation proﬁle of the positrons and their diﬀusion in the specimen. For a systematic study, thin ﬁlms of gold and
copper were deposited on silicon substrates by electron beam evaporation. Within this study, various samples were
characterized by depth dependent (C)DB-spectroscopy, which is well applicable on layered structures [2, 3]. In order
to demonstrate the applied method of data evaluation, measurements on a pure copper specimen will be presented as
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well. The depth information obtained by the evaluation of DB measurements was compared to the results of depth
dependent CDB-spectroscopy. Special eﬀort was spent on the investigation of thin ﬁlm annealing by heating, which
opens a wide ﬁeld of application.
2. Experimental
The thin ﬁlm samples were produced by vapor deposition of gold and copper on a piece of a silicon wafer at a
residual gas pressure of 4 · 10−7 mbar. The thickness of the deposited layers was controlled by a quartz thickness
monitor. EDX measurements showed that the ﬁlms were chemically pure. However, the deposition was not uniform
over the whole sample area, which is around 1.5 cm x 1.5 cm.
In the present study, the CDB-spectrometer [4] at the high intensity, monoenergetic positron beam line NEPOMUC
[5] was used. The incident positron energy E was varied in a range between 0.5 keV and 30 keV . Four HPGe detectors
were used in order to accumulate 7 · 106 counts per measurement. The Doppler broadening of the 511 keV annihila-
tion line was characterized by the S-parameter (central peak region 511 ± 0.825 keV , total peak region 511 ± 11 keV).
The annihilation of Ps was characterized by the F-parameter, which was obtained by the evaluation of the linearized
valley-to-peak ratio (valley region 450 − 500 keV , peak region 500 − 522 keV). Hence, this parameter is sensitive to
the 3-γ-decay of o-Ps.











can be adjusted for the implantation of positrons in layered structures taking into account the boundary condition of a
continuous transmission at the interfaces [7]. In case of a structure with a layer on top of a substrate, the S-parameter




S iTi(E) + S sur f Tsur f (E) (2)
with Ti the fraction of positrons annihilating in layer i with a characteristic S-parameter S i and Tsur f (E) the fraction
of positrons annihilating at the surface with S sur f . Ti(E) and Tsur f (E) depend on the implantation proﬁle and on the
diﬀusion coeﬃcients and hence, a ﬁt to the data enables the determination of the positron diﬀusion length L+,i in each
layer. The same consideration can be made for the F-parameter, where all characteristic F-parameters Fi are zero,
since the o-Ps-formation with subsequent 3-γ-decay will not occur in the layers or the substrate .
In order to compare the depth information given by Ti as well as Tsur f on single specimens, CDB spectra were
taken for various incident energies. The coincident measurement allows the detection of the high momentum Doppler
shifts and hence is sensitive to the chemical information obtained by the annihilation with core electrons [8]. More
than 1 · 107 counts were accumulated for a single spectrum. In the present contribution, the CDB ratio curves with
respect to a crystalline silicon reference are presented.
3. Measurements
3.1. Annealed copper specimen
Figure 1 shows a S(E)- and a F(E)-scan on the annealed copper specimen (annealed for 4 hours at 900 K). Above
positron implantation energies of 20 keV the S-parameter takes a constant value S = 0.4620 and hence, it can be
concluded that nearly all incident positrons annihilate in the bulk without diﬀusing back to the surface. The decrease
of the S-parameter for incident energies between 2 and 20 keV is caused by thermalized positrons, which diﬀuse back
to the surface where they annihilate with a higher S-parameter than those in the bulk. In this energy range, the F(E)-
scan shows no 3-γ-annihilation of free Ps, which indicates that the positrons diﬀusing back to the surface cannot form
free Ps. For incident energies below 2 keV , a steep decrease in the S(E)-scan as well as in the F(E)-scan is visible.
This behavior is a clear indication that epithermal positrons [9, 10, 11] form free Ps before their annihilation. The
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(a) S(E)-scan (b) F(E)-scan
Figure 1: S(E)- and F(E)-scan on annealed Cu (lines represent ﬁt to the data): Three characteristic energy ranges can be found. Region A: Anni-
hilation, possibly Ps-formation, of epithermal positrons. Region B: Backdiﬀusion of thermalized positrons to the surface (no free Ps-annihilation).
Region C: Annihilation completely in the bulk.
3-γ-annihilation of o-Ps leads to the increase in the F-parameter, the annihilation of para-Ps (p-Ps) to the increase in
the S-parameter due to the low binding energy of Ps.
For the quantitative evaluation in VEPFIT, two models were applied in order to examine surface eﬀects. In the
ﬁrst one, only energies above a threshold of 3 keV were evaluated and only thermalized positrons were considered. In
this case, the result for L+ in copper is 123 ± 3 nm and does not change when the data are evaluated above a higher
threshold. For a lower threshold, a smaller value is obtained for L+ (about 100 nm) and hence, surface eﬀects must
aﬀect the evaluation below 3 keV . In the second ﬁt model, also epithermal positrons were accounted (in VEPFIT
modelled as proposed in [12]) and the total energy range was considered in the analysis. In this case, the result for L+
is 125 ± 3 nm with a characteristic epithermal scattering length of around 1 nm.
3.2. Copper ﬁlm on silicon
Figure 2 shows a S(E)- and a F(E)-scan on a copper ﬁlm, which was grown on a silicon substrate by vapor
deposition and had a thickness of 412±60 nm according to the quartz thickness monitor. For energies between 0.5 keV
and 3 keV , a decrease of the S- and F-parameter is visible, between 3 and 8 keV the S-parameter takes a constant value
of 0.49. In this energy range nearly all positrons annihilate in the copper layer and hence, the S-parameter SCu is
directly visible in the S(E)-scan. For higher incident energies, an increasing fraction of positrons annihilates in the
silicon substrate with a higher characteristic S-parameter S S i and leads to the increase seen in the S(E)-scan. The
F(E)-scan displays a signiﬁcant contribution of Ps-annihilation only for incident energies below 1 keV .
In the quantitative evaluation with VEPFIT, a two-layer model was applied. The total energy range was evaluated
in consideration of epithermal positrons. In previous measurements on a silicon substrate, L+,S i was determined to be
238 nm and ﬁxed in the evaluation. Due to the inhomogeneous deposition of copper, the thickness dCu of the copper
ﬁlm had to be treated as free parameter in the ﬁt. Furthermore the epithermal parameters, S S i, SCu and L+,Cu were
ﬁtted. According to the ﬁt results, the copper layer can be characterized by dCu = 331±50 nm, SCu = 0.4904±0.0005
and L+,Cu = 5±2 nm. The large error in the thickness was obtained by varying L+,S i in borders between 0 and 300 nm.
This variation did not have any eﬀect on the ﬁt results except on dCu.
These results correspond to an annihilation proﬁle as shown in ﬁgure 3(a). For each implantation energy a certain
fraction of the incident positrons annihilates in the copper ﬁlm, the silicon substrate or at the surface. In order
to check this depth information, CDB spectra were taken for several incident energies (ﬁgure 3(b)). For incident
positron energies of 5 keV and 9 keV , the ratio curves show no signiﬁcant diﬀerence in the high momentum range
(above 518 keV) and a typical copper signature with lower core annihilation probability compared to the reference can
be seen. This indicates that for both energies the positrons annihilate in the same chemical vicinity, which is defect-
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rich copper. The 1 keV ratio curve is aﬀected by positrons annihilating at the surface and hence has a diﬀerent shape.
The ratio curve taken at 25 keV can be explained by a superposition of the silicon reference (81%) and the 9 keV ratio
curve (19%) (solid line in ﬁgure 3(b)). These fractions are a result of a least-square-ﬁt to the data in the momentum
range between 16 · 10−3 m0c and 60 · 10−3 m0c and in good agreement with the VEPFIT annihilation proﬁle.
(a) S(E)-scan (b) F(E)-scan
Figure 2: S(E)- and F(E)-scan on a Cu-ﬁlm on a Si-substrate (lines represent ﬁt to the data): Below 2 keV a decrease in the S-parameter and
Ps-formation can be seen. The Ps-annihilation is attributed to epithermal positrons whereas the decrease in the S-parameter is also caused by
thermalized positrons diﬀusing back to the surface. The increase of the S-parameter above 9 keV shows that an increasing fraction of the positrons
annihilates in the Si-substrate. The thickness of the Cu-layer resulting from the ﬁt is 331 nm, which corresponds to a mean implantation depth of
positrons implanted with an energy of 15 keV in copper.
(a) VEPFIT analysis (b) Depth dependent CDB (Dashed lines: eyeguide, solid line: ﬁt)
Figure 3: S(E)- and F(E)-scan on a Cu-ﬁlm on a Si-substrate: (a) The VEPFIT analysis shows that between 4 and 10 keV nearly all positrons
annihilate in the copper layer. For lower energies, more and more positrons diﬀuse back to the surface or annihilate as epithermal positrons. For
higher energies, an increasing fraction annihilates in the silicon substrate. (b) The CDB ratio curve at 1 keV has a diﬀerent shape from ratio curves
taken at incident energies of 5 and 9 keV where all positrons annihilate in the copper layer. For these two ratio curves, in the high momentum
range (above 518 keV) no signiﬁcant diﬀerences can be seen. The lower values of these ratio curves compared to the Cu reference are caused by a
decreased core annihilation probability in defects in the vapor deposited layers. A quantitative analysis shows that at 25 keV 81% of the positrons
annihilate in the silicon substrate (solid line), which is in good agreement with the VEPFIT analysis (78%).
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3.3. Annealing of a gold ﬁlm
Figure 4 shows a S(E)- and a F(E)-scan on a vapor deposited gold ﬁlm with a thickness of 135 nm (according to
the quartz thickness monitor) on a silicon substrate. Scans were made on the sample in the as-deposited state at room
temperature and at 648K, where the sample was found to be in thermal equilibrium within ten minutes by tracking the
S-parameter at various incident energies. At room temperature, the S(E)- and the F(E)-scan show a similar behavior as
the scans on the copper ﬁlm. According to the results of the analysis by VEPFIT, the gold layer can be characterized
by dAu = 90 ± 10 nm and S Au = 0.4680 ± 0.0005. The value L+,Au = 1.2 ± 0.5 nm means that actually no diﬀusion
occurs and almost all positrons get trapped immediately.
At 648K, the S(E)- and F(E)-scans show a totally diﬀerent behavior. In the ﬁt model dAu = 90 nm was ﬁxed
as well as L+,S i, which was determined to be 238 nm at RT. The temperature dependence of L+,S i was estimated as
proposed in [13] and at 648K a value of 196 nm was used. The F(E)-scan reveals, that also deeply implanted and
hence, totally thermalized positrons, can annihilate as free Ps after back diﬀusion to the surface. The S-parameter at
the surface is clearly higher than at room temperature. This increase is likely to be caused by the increasing fraction
of positrons annihilating as p-Ps. Furthermore, no energy region with a constant S-parameter, which equals S Au,
can be found anymore. The value of S Au can only be determined with a quantitative analysis which reveals that
S Au = 0.468 ± 0.001 and L+,Au = 41 ± 5 nm. Whereas the S-parameter did not change signiﬁcantly, the positron
diﬀusion length is clearly increased in the tempered layer.
(a) S(E)-scan (b) F(E)-scan
Figure 4: S(E)- and F(E)-scan on Cu-ﬁlm on Si-substrate at 300K and 648 K (lines represent ﬁt to the data): The S(E)-scan at 300K indicates
a short positron diﬀusion length in the gold layer, above 3.5 keV a constant S-parameter is seen. In contrast to the RT measurement, at 648K
also thermalized positrons can annihilate as Ps at the surface. The F(E)-scan reveals an increased positron diﬀusiong length. Due to the increased
diﬀusion to the surface and to the substrate, a higher S-parameter is seen in the S(E)-scan. The VEPFIT analysis shows that at both temperatures
the layer is characterized by the same S-parameter whereas at room temperature no diﬀusion occurs and at 648 K the diﬀusion length is 41 nm.
4. Discussion
The measurements on the annealed copper clearly demonstrate that the determination of the positron diﬀusion
length by depth dependent DB-spectroscopy strongly depends on the treatment of the data for small incident positron
energies. In a simple model, the data are evaluated in an incident energy range, where positrons are implanted deeply
into the bulk and other surface eﬀects than back diﬀusion do not play a role. In a second attempt, the total energy
range was evaluated with the consideration of epithermal positrons. Since in the examined materials thermalized
positrons cannot lead to free Ps annihilation which is observed for low incident energies, the consideration of epither-
mal positrons by ﬁtting the S(E)- and F(E)-scan together seems reasonable. Both models lead to the same result for
L+ and hence, it can be concluded that the surface eﬀects are well described by the inﬂuence of epithermal positrons.
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Other surface eﬀects like oxidation or impurities at the surface might aﬀect the surface S-parameter or the probability
of Ps formation but do not show signiﬁcant inﬂuence on the diﬀusive behavior of the positrons.
In the analysis of the thin ﬁlm measurements, the ﬁrst ﬁt model is barely applicable, since valuable depth informa-
tion is lost. For the copper ﬁlm as well as for the gold ﬁlm a good ﬁt can be obtained by use of the ﬁt model with the
epithermal positrons based on a Makhovian implantation proﬁle. In case of the copper ﬁlm, the annihilation proﬁle,
on which this ﬁt is based, is in excellent agreement with the depth dependent CDB measurements. However, the thick-
ness of the copper layer obtained by the VEPFIT analysis is thinner than measured the quartz thickness monitor. This
can be explained by the inhomogeneous deposition, which was observed in EDX measurements. According to the
ﬁt results the diﬀusion length in the copper layer is extremely short and the S-parameter is clearly higher than in the
annealed sample. Practically, no diﬀusion occurs and the positrons are trapped immediately and nearly all positrons
annihilate in vacancy-like defects. These results indicate a high defect concentration of open volume defects in the
vapor deposited ﬁlm. Possible kind of defects are grain boundaries, dislocations and vacancies.
The measurements show that these results are also valid for the gold ﬁlm in the as-deposited state at room tempera-
ture. Due to the eﬀective saturation trapping in the defect-rich layers, practically no diﬀusion occurs. The S-parameter
of the gold ﬁlm S Au is directly visible for incident positron energies between 3.5 keV and 5 keV . At 648 K a totally
diﬀerent behavior can be found. The F(E)-scan provides information about the positron diﬀusion in the sample due to
the increased thermal desorption of thermalized positrons that have been trapped after diﬀusing back to the surface.
Back diﬀusion occurs for incident energies up to 13 keV and hence S Au cannot be seen directly in the S(E)-scan. The
ﬁt result shows that S Au did not change signiﬁcantly, the higher S-parameters in the high temperature scan are only
caused by a larger fraction of positrons that annihilates with a high S-parameter at the surface or in the silicon substrate
due to the drastically increased diﬀusion. Hence, the longer positron diﬀusion length alone proves that the positrons
have a signiﬁcant lower probability to be trapped during diﬀusion and the sample was annealed by tempering within
minutes. The fact that the S-parameter did not change after annealing indicates that still saturation trapping occurs.
5. Conclusion
The method of data evaluation, which was applied in the measurement on thin ﬁlm systems, was tested on a
annealed copper specimen. S(E)- and F(E)-scans were evaluated together and epithermal positrons were accounted in
order to determine the positron diﬀusion length. The studies on the copper-silicon system revealed that the applied
method of data evaluation of the DB measurements are based on an annihilation proﬁle, which is in good agreement
with depth dependent CDB measurements.
In case of the vapor-deposited metallic ﬁlms, the short positron diﬀusion length shows that these layers have a high
defect concentration. The high temperature measurements on the gold-silicon system and exclusively the evaluation
of the positron diﬀusion length revealed that the vapor-deposited ﬁlms can be annealed within minutes by heating.
In order to determine the exact defect structures it is planned to perform depth dependent lifetime measurements on
similar systems in the as-deposited as well as in the annealed state. The present measurements demonstrate that depth
dependent DB-spectroscopy is an applicable technique in order to characterize the defect structure of thin ﬁlms. High
temperature measurements even enable the investigation of annealing and hence increase the ﬁeld of application of
this technique.
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